ABSTRACT
Introduction
the extensive use of fossil fuels continuously leads to a considerable increase in carbon dioxide levels in the atmosphere. the related environmental concerns such as global warming effects, along with energy safety issues motivated governments and corporations around the world to search for alternative safe, sustainable and environmentally friendly energy suppliers (6, 8, 29) . As an energy carrier, hydrogen offers the biggest potential to reduce environmental pollution, since water is the only by-product when hydrogen is used in a fuel cell to generate electricity. its energy content per mass unit exceeds the energy content of any known fuel (around 3-fold the energy content of gasoline). in addition, it can be generated from a variety of renewable and non-renewable primary energy sources (6, 23, 30) .
Among the methods used for hydrogen generation, the biological ones present several advantages. they can significantly reduce production costs, since application of extensive heating or large quantities of electricity are not needed, as in the case of thermal reforming and electrolysis. Moreover, biological processes can be operated at standard conditions, can use renewable energy sources and are free of carbon emissions. nevertheless, the reported bio-hydrogen generation rates, process efficiencies and stability are not high enough to make them available at industrial scale (3, 4, 15, 24, 35, 37) . in this context, the photosynthetic hydrogen generation using various bacteria offers promising perspectives. Photosynthetic bacteria such as R. capsulatus have long been studied for their capacity to produce significant amounts of hydrogen from various carbon sources (15, 19, 21, 27, 35, 38) , including wastes (1, 2, 7, 9, 10, 11, 12, 13, 14, 16, 25, 28, 31, 36, 39, 40) . however, the production rate and the yield vary greatly depending on the carbon source used and the experimental conditions such as light type and intensity (3, 4, 20, 24, 33, 37) , ph (17, 18) , and temperature (26, 32, 34) . on the other hand, several studies have demonstrated that mutant strains can be isolated and display improved hydrogen producing capabilities compared to the wild type (15, 20, 22, 27, 35) . the objective of the present work is the comparative study of the influence of parameters as: light intensity, light spectrum (light source) as well as the reactor geometry on the rate of hydrogen production by the wild variety B10 and the genetically modified one IR3 of the bacterial strain R. capsulatus (B10) using a lactate-based substrate.
Materials and Methods
two varieties of the photosynthetic bacterial strains R. capsulatus: a wild one B10 and a genetically modified IR3 described in previous studies (5, 38) were employed in all the experiments. The growth medium used was mineral salts (RCV) medium, supplemented with 30 mmol·dm -3 of Dl-sodium lactate as a carbon source and 5 mmol·dm -3 of l-sodium glutamate as a nitrogen source. it was autoclaved for 120 min at 120 °c and 1.2 bars. Precultures were grown photosynthetically at 30 °c using a 75 W tungsten incandescent lamp placed at a distance of 0.5 m from the photosynthetic reactor. Unstirred cylindrical and flat glass reactors containing 250 cm 3 of bacterial medium were used for hydrogen production. the generated hydrogen passed through a saturated ca(oh) 2 
Results and Discussion
IR3 and B10 varieties growth curves two methods were applied for the comparative determination of the bacterial biomass production during the bacterial growth of the two bacterial varieties IR3 and B10 of the R. capsulatus strain: turbidimetry at 660 nm and biomass dry weight determination at the conditions mentioned above. Both bacterial varieties demonstrated qualitatively the same growth pattern, but the wild one B10 showed higher turbidity (light absorption) corresponding to higher bacterial concentration measured at the beginning of the stationary phase, compared with the genetically modified variety IR3, as presented in Fig. 1 . The results obtained by the optical method were confirmed by the dry biomass determination as well, as shown in Fig. 2 . the higher biomass production by the wild bacterial variety B10 could lead to the assumption that superior hydrogen production will occur due to the higher bacterial cell number. on the other hand, however, the opposite assumption is rather probable as well: the substrate is used by the B10 variety preferably for biomass production than for hydrogen generation. The subsequent experiments confirmed the second assumption.
Optimal reactor geometry determination
Two glass reactors were tested: cylindrical and flat, containing the same volume (250 cm 3 ) of the genetically modified variety IR3 bacterial medium. The two reactors were situated at a 0.5 m distance from a 75 W tungsten incandescent lamp with aluminum reflector used as light source without any optical color filter.
the volume of the produced hydrogen measured at the beginning of the stationary phase, i.e. 184 hours after the process start was 419 cm 3 for the flat reactor and 344 cm 3 for the cylindrical one, which means that the hydrogen production in the flat reactor exceeded 1.22 times that obtained in the cylindrical reactor at the same conditions, as illustrated in Fig. 3 . the average hydrogen generation rates were determined to be 2.28 cm The higher hydrogen production obtained with the flat reactor can be explained with the constant thickness of the bacterial culture leading to homogenous light distribution inside the reactor volume, proved also by the substrate efficiency data: 41.72 % vs. 31.26 % for the cylindrical reactor, respectively.
Due to the higher efficiency of the flat reactor proven by the results presented above, it was chosen for all the further experiments.
Hydrogen generation rate determination with white light application experiments with the application of white light were performed to determine the hydrogen productivity of the two varieties and to choose the more productive one to be employed in the following experiments. A 75 W tungsten incandescent lamp with a reflector having λ max in the range between 800 nm and 850 nm was applied as a light source placed at a distance of 0.5 meters from the photosynthetic flat bacterial reactor. The volume of the hydrogen generated by the two varieties B10
and IR3 as a function of time, at these experimental conditions was registered and the curves are shown in Fig. 4 .
the results showed that the hydrogen generation by the variety B10 begins almost immediately and about 125 hours later it reaches a saturation state, i.e. a plateau appears on the curve in coordinates: volume of the produced hydrogen vs. time. The corresponding curve for IR3 variety, however, is quite different: a latency period of about 24 hours appears at the beginning of the process followed by a smaller slope rising part and finally comes the plateau but much later, after 225 hours. nevertheless the plateau height, i.e. the total volume of the produced hydrogen is 1.4 times higher than that produced by B10. A comparison of the hydrogen generation rates for B10 and IR3 is presented in Fig. 5 and Table 1 .
the data obtained by these experiments allowed the determination of the substrate conversion efficiency η, by the following equation:
where: V is the volume of the produced h 2 in liters; 24.47 is the volume of the produced h 2 in liters at standard conditions (25 °c and 1 bar); M 0 is the initial concentration of lactate = 0.030 mol·dm -3 , and V 0 is the volume of the bacterial culture in liters.
All the obtained data led to the conclusion that the genetically modified variety IR3 performs higher volume of the produced hydrogen, higher generation rate and higher substrate conversion efficiency compared with the wild one B10. That is why all the further experiments were done employing the IR3 variety only. Light spectrum (wave length) influence on the hydrogen generation rate the importance of the light wave length on the photosynthetic generation of hydrogen is determined by the impact of different parts of the light spectrum on the bacterial metabolism. the infrared light augments the reactor temperature, which can provoke decreased hydrogen production or even bacterial mortality if temperature control is not applied. the ultraviolet light has bactericidal properties due to its high energy capable to break the large molecules of the organic substances. Since some parts of the light spectra do not favor hydrogen production, it is of great importance to apply only this part of the light spectrum which is responsible for hydrogen generation. light from different parts of the light spectrum was employed as an energy source for the flat photosynthetic reactor containing 250 cm 3 of IR3 bacterial culture. Color filters as follows: blue with λ = (300-400) nm, green with λ = (500-550) nm, and red with λ = (650-750) nm were used together with a tungsten incandescent lamp with λ max = (800-850) nm as a light source. the results obtained with the color filters were compared with those obtained without any filter (white light) (Fig. 6) . Since tungsten incandescent lamp light is generated by heating of a solid filament to a very high temperature, up to 80 % to 85 % of the emitted light lies in the infrared and near-infrared regions, while 15 % to 20 % of the emitted energy only belongs to the visible part of the spectrum between 400 nm and 700 nm. the ultraviolet wavelengths (below 400 nm) representing less than 1 % of the emitted energy is almost completely absorbed by the glass bulb of the incandescent lamps and can be neglected.
Without a color filter, the entire light spectra, i.e. the total energy emitted from the lamp, is directed to the hydrogen reactor, while the color filters allow only a part of the light energy to pass through them and as a consequence the hydrogen production is less, compared with that obtained by the application of white light. that is why the hydrogen production resulting from white light was found to be 1.40 and 1.89 times higher than that obtained under the red and the green light, correspondingly. the data presented in Fig. 6 showed that the hydrogen production under red light (λ = 650-750 nm) exceeds 1.35 times that obtained under green light (λ = 500-550 nm). A comparison of the average data for the rate, volume and efficiency of the produced hydrogen by the variety IR3 in a flat reactor and a 75 W tungsten lamp at a luminosity of 5000 lux with and without color filters is presented in Table 2 . As shown, the blue light has no effect (zero production).
Light luminance influence on the hydrogen generation rate Since hydrogen production by R. capsulatus is a photosynthetic process driven by the light energy, it could be expected that the light intensity would increase the volume of the produced hydrogen. Varying the distance between the lamp and the photosynthetic reactor, the light luminance was adjusted to the desired value and the corresponding curves in coordinates: volume of the produced hydrogen by the modified variety IR3 vs. the time for 3 light luminance values, are presented in Fig. 7 .
the results presented in Fig. 7 however show that the higher the light intensity, the lower the hydrogen production. this fact can be explained by taking into account two circumstances: (i) higher light intensity causes internal temperature augmentation up to values which are not favorable for bacterial metabolism, causing a decrease in hydrogen production; (ii) this is a form of bacteria self-protection: in order to maintain the energy balance, the bacteria suppress the metabolic processes, resulting in reduction of hydrogen production. the most probable explanation, however, is the combination of these two assumptions.
Conclusions
Maximal photosynthetic hydrogen production using lactatebased substrate was achieved in a flat reactor at about 700 nm light wave length (red optical filter) and 2500 lux light luminance by both varieties of the photosynthetic bacterial strain R. capsulatus, the wild B10 and the genetically modified one IR3. In spite of its inferior biomass, the genetically modified variety IR3 exceeded the wild variety B10 in hydrogen production with up to 64 %.
